A dual-wavelength digital holographic microscopy with premagnification is proposed to obtain the object surface measurements over the large gradient. The quantitative phase images of specimens are captured in high precision by the processing of filtering and phase compensation. The phase images are acquired without phase unwrapping, which is necessary in traditional digital holographic microscopy; thereby the proposed system can greatly increase the speed of reconstruction. The results of numerical simulation and optical experiments demonstrated that the reconstructed speed increased by 37.9 times, and the relative error of measurement is 4% compared with the traditional holographic microscopy system. It means that the proposed system can directly acquire the higher quality quantitative phase distribution for specimens.
Introduction
Digital holographic microscopy (DHM) is a powerful technology for the measurement of microscopic samples by recording and reconstructing the amplitude and phase of the wave. The dual-wavelength digital holographic microscopy uses two different wavelength lasers to simultaneously record the hologram and numerically reconstruct the phase information according to phase distribution under two wavelengths. As early as 1998, a new method for the extraction of quantitative phase imaging by using partially coherent illumination and an ordinary transmission microscope was proposed by A. Barty et al., which can recover a phase even in the presence of amplitude modulation [1] . A solution for absolute phase measurements was presented by Cuche Etienne et al. [2] . They introduced digital reference wave and phase mask, which were applied in phase-contrast imaging and optical meteorology. This property of holograms offers phasecontrast techniques, which can be used in quantitative 3D imaging. The compensation of the inherent wave front curvature by subtracting the reference hologram in DHM for quantitative phase-contrast imaging is introduced by Ferraro, Pietro, et al. [3] . This simple method can be implemented efficiently under the ideal experimental conditions. The dualwavelength phase-shifting digital holography that selectively extracts wavelength information from five wavelength-multiplexed holograms is presented by Tahara, Tatsuki, et al. [4] . The color hyperchaotic image encryption method by the DHM and CA encoding algorithm is proposed by Sichuan University, which has great security and robustness [5, 6] . It is an important application about digital holography. The enhanced quantitative three-dimensional measurement system is introduced by JaeYong Lee. It can simplify the configuration by a dual-peak quantum dot wavelength converter and a blue LED [7] . There are great researches for reducing speckle noise and increasing the speed of reconstruction [8] [9] [10] . We have successfully achieved the near real-time threedimensional surface measurement by digital holography [11, 12] .
If the optical path difference is less than the equivalent wavelength, the real phase distribution of object can be directly obtained without phase unwrapping by the dualwavelength digital holographic interferometry. If the optical path difference is greater than the equivalent wavelength, the phase unwrapping process will be simplified by dualwavelength digital holographic interferometry. The noise immunity and the scope of phase unwrapping algorithms will be improved and expanded, respectively [13] [14] [15] . C. J. Mann obtained the measurement results of the surface height over several microns of range by three-wavelength digital 2 International Journal of Optics holography [16] . The optical path length can be converted to physical thickness, and the sample height information will be provided. The dual-wavelength DHM imaging experiment of a stepped phase plate and the smoke particles were conducted by P. Song et al. [17] . M.K. Kim et al. successfully achieved three-dimensional imaging of resolution plates and cancer cells using dual-wavelength DHM [18] . A phase-imaging technique to quantitatively study the three-dimensional structure of cells by simultaneous dual-wavelength reflection digital holography was presented by A. Khmaladze et al. [19] . It proves that the dual-wavelength DHM allows a faster imaging, which does not rely on the surrounding pixels to correct the phase discontinuities, but simply compares two singlewavelength phases. Dual-wavelength DHM has been widely applied in the fields of surface topography measurement [20] [21] [22] , cell imaging [23, 24] , 3D particle imaging [25, 26] , transparent medium physical quantity measurement [27] [28] [29] , and so on. Due to the limitation of the dual-wavelength DHM technique, more noise will be introduced with the increase in synthesis wavelength and the expanding of the sample range. The accuracy of measurement decreased as the noise increased. The setup of dual-wavelength DHM consists of two laser machines, which makes it difficult to ensure the concentricity of two laser beams in an optical assembly. All the above have the adverse effects on obtaining high precision phase information.
A system of dual-wavelength DHM with premagnification, which can directly and accurately obtain quantitative phase images, is presented. The principle of surface topography measurement and phase unwrapping method based on dual wavelength digital holography is introduced. The effectiveness of the system is verified by computer simulations and optical experiments using the 1951 USAF target and the standard groove object. Compared with the traditional single wavelength DHM, the system can not only obtain the phase information without phase unwrapping, but also get the low noise and high precision quantitative phase images.
Experimental Principle

Principle.
In dual-wavelength digital holographic microscopy, two laser beams in different wavelengths from separated laser sources are coupled into one beam, and the optical assemblies are shown in Figure 1 . The two lasers were used as coherent light sources. Both beams are collimated by spatial filter. Beam splitters (BS1) divide the beams into the reference and the object arms. The object beam passes through the sample and microscope objective. There are different tilts in orthogonal directions for reference waves of two lasers, which allows us to capture both wavelengths simultaneously. Then the interference pattern between the reference waves and object wave is recorded by a CCD camera.
The dual-wavelength composite digital hologram will be acquired on the CCD, and the interference pattern can be expressed as
where is the intensity of the composite digital hologram, , are the coordinates of the holographic plane, * is the complex conjugate, 1 , 2 are object beams, and 1 , 2 are reference beams.
The interferometric phase can be extracted by the spatial filtering method and shifted to the center position to perform the Fourier transform. The complex amplitude distribution of the reproducing light field can be obtained as follows:
The intensity and the wavefront phase distribution of optical field can be calculated according to the following expressions:
In order to overcome the issue of phase ambiguity produced by single wavelength approach, a synthetic beat-wavelength is used and expressed as follows:
where ℎ is the height distribution of the specimens, which means the optical path difference of the twice of the topography for reflection scheme. ℎ is the optical path difference of the homogeneous sample in the air. Λ is the equivalent wavelength defined as follows:
If the optical path difference is less than the equivalent wavelength, the real phase of specimens can be directly obtained without unwrapping. Otherwise, the phase distribution is wrapped between − and + . In this case, the package phase difference is compensated to obtain its equivalent phase.
In summary, the dual-wavelength digital holographic microscopy to measure the large gradient of specimens can solve the problem of phase unwrapping with single-wavelength digital holographic microscopy. As the range of measurement increases, the noise of the phase distribution in the singlewavelength digital holographic microscope also increases. Therefore, the reasonable choice of wavelength and the method of noise reduction are key points in the dual-wavelength holographic microscopy. the setup are shown in Figure 2 , where 1 = 632.8 and 2 = 532 , the equivalent wavelength, Λ = 3.34 . The beams emitted by the two lasers pass through the beam expanders and collimation systems (SF), the mirror and the cube beam splitting prism (BS). Then the beam is divided into two beams by beam splitter; one is object wave, and the other is the reference wave. In the premagnification optical path, the object wave, which is reflected by mirror, passes through the microscope objective (MO, 10×, NA = 0.25 ) and the sample. On the other hand, the reference wave passes through beam obstacle and neutral density. It should be noted that beam obstacle is turned on so that the optical path is the one of off-axis digital holography (in this experiment, the beam obstacle is turned on); otherwise, it will become in-line digital holography. The two beams are combined by the cube splitting prism. Finally, the interference hologram is recorded by CCD (SENTECH STC-SBS241POE; the pixel area is 1296 ×966 ). It is worth noting that the dualwavelength preamplification digital holographic microscopy systems with large numerical aperture microscope objectives can acquire more sample information, which can be compressed to amplify the CCD acceptable sampling frequency [30] .
Experimental Results
Experimental
Numerical Simulation.
In order to illustrate that the phase image of sample whose optical path difference is less than the equivalent wavelength can be obtained directly and quickly by dual-wavelength DHM; a numerical simulation experiment is carried out. The computer-generated cone is a phase object with a maximum phase height of 2.5 . The simulation parameters of cone are as follows: 1 = 632.8 , single-wavelength DHM, a 632.8 wrapped phase image is chosen to obtain the final height distribution by unwrapping procedure, which is named the quality-guided phase unwrapping algorithm. And the results for 632.8 through the quality-guided phase unwrapping algorithm [31, 32] are shown in Figure 4 .
The height distributions of cone by dual-wavelength DHM and quality-guided phase unwrapping method are compared. And the results are shown in Table 1 . The results show that both of them can accurately obtain the height distribution of the cone, but in terms of time, the dual-wavelength holographic microscopy in the system is faster. The speed of reconstruction by the proposed system is 37.9 times more than the value of the quality-guided phase unwrapping method.
Optical Experiment
Quantitative Phase Imaging of USAF 1951
Target. Based on the dual-wavelength phase imaging system, the surface of an USAF 1951 target was measured. At the same time, the target was also measured by the scanning three-dimensional profiler (NanoMap 500LS, AEP Technology Inc., USA) and the results showed that the height was about 0 ∼ 100 . Since the sample height is much smaller than the singlewavelength, the phase distribution of the sample can be obtained directly. Figures 5 and 6 present the measurement results using traditional single-wavelength and dual-wavelength, respectively.
In the reconstruction process, filtering and secondary phase distortion compensation processing are performed [33] [34] [35] . The hologram is spectrally separated by Fourier transform. The microscope objective lens will introduce a secondary phase distortion factor in the system. In order to obtain the real phase, two holograms are recorded, which are the reference holograms for the background of the hologram and the hologram of measured sample. The real phase can be obtained by subtracting the two reconstruction phases of hologram.
The comparison of the height distribution curve along the middle symmetrical line of phase with different wavelength (in Figures 5(a) , 5(b), and 6(a)) is shown in Figure 7 . The height distribution along the middle symmetrical line of sample was scanned by NanoMap 500LS and its absolute height was measured to be 54 nm. The average absolute height and the relative error between the measurement result and scanning result using three measurement methods are shown in Table 2 . Table 2 shows that the result of the equivalent wavelength is much closer to scanning value. From the experimental results, it can be seen that both the traditional DHM and the dual-wavelength DHM can obtain the phase distribution of the object surface. It is not hard to see that the system of dual-wavelength DHM can accurately obtain the threedimensional morphology distribution of the object surface. The results prove that the measurement accuracy and stability of the proposed system are better than the traditional single wavelength.
Quantitative Phase Imaging of Groove.
The transparent groove standard plate, which is artificially designed, was used as an experimental sample to measure its three-dimensional International Journal of Optics 5 appearance. The width of groove is 1 and the depth is 9
. Figure 8(a) shows the phase distribution measured by wavelength, 632. 8 . Figure 8(b) shows the phase distribution measured by wavelength, 532
. It is clear to see that there is phase folding in the phase distribution at each single wavelength. The phase distribution measured by the dual wavelength interference is shown in Figure 9 .
The height distribution of the middle symmetrical line of the groove (Figure 9(a) ) is obtained by the median filtering, which is shown in Figure 10 . According to the formula of the surface profile distribution and phase distribution (in (5)), the height difference between the base and the bottom of the groove = 0.936
. The relative error between the actual groove height and experimental result is 4%, which is in good agreement with the theoretical values.
Conclusions
In order to solve the quantitative phase imaging problem of traditional digital holographic microscopy system for the large gradient of object surface, a dual-wavelength preamplification digital holographic microscopy optical system is International Journal of Optics proposed. The numerical simulation and experiments are carried out and the effectiveness of the system is verified. The experimental results of the sample phase imaging of the traditional DHM and dual-wavelength preamplification DHM system are compared. The results show that the experimental system can effectively overcome the limitations of the single-wavelength method in the imaging of complex surface objects, increase the observation speed, and simplify the reconstruction process, which further validates the effectiveness of the experimental system for quantitative phase imaging.
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